MicroRNA-34 (miR-34) is crucial for preventing chronic large-scale neurite degeneration in the aged brain of Drosophila melanogaster. Here we investigated the role of miR-34 in two other types of large-scale axon degeneration in Drosophila: axotomy-induced axon degeneration in olfactory sensory neurons (OSNs) and developmentally related axon pruning in mushroom body (MB) neurons. Ectopically overexpressed miR-34 did not inhibit axon degeneration in OSNs following axotomy, whereas ectopically overexpressed miR-34 in differentiated MB neurons impaired γ axon pruning. Intriguingly, the miR-34-induced γ axon pruning defect resulted from downregulating the expression of ecdysone receptor B1 (EcR-B1) in differentiated MB γ neurons. Notably, the separate overexpression of EcR-B1 or a transforming growth factor-β receptor Baboon, whose activation can upregulate the EcR-B1 expression, in MB neurons rescued the miR-34-induced γ axon pruning phenotype. Future investigations of miR-34 targets that regulate the expression of EcR-B1 in MB γ neurons are warranted to elucidate pathways that regulate axon pruning, and to provide insight into mechanisms that control large-scale axon degeneration in the nervous system. During development, neurons are assembled into functional neural pathways through a series of tightly regulated steps involving neurogenesis, neural fate specification, the extension of axons and dendrites, the morphogenesis of axons and dendrites to initiate synaptogenesis, and the culling out of excessive and inappropriate synapses 1 . When neurons of the central nervous system (CNS) are damaged as a result of injury or age-associated processes, degenerative process is initiated that can give rise to neurological diseases 1 . Elucidating the molecular mechanisms underlying the various steps involved in neural development might provide insights into the processes that contribute to the maintenance and eventual deterioration of the nervous system over an animal's lifespan.
In Drosophila, two other types of large-scale neurite degeneration, including injury-induced axon degeneration in olfactory sensory neurons (OSNs) and developmentally related large-scale axon pruning in mushroom body (MB) γ neurons, have been investigated extensively for their underlying molecular mechanisms 8, 9 . For example, the Drosophila sterile α /Armadillo/Toll-interleukin receptor homology domain protein (dSarm) is required for the acceleration of axon degeneration following axotomy of OSNs 10 . Although the mechanism by which dSarm promotes axon degeneration remains unclear, Toll-interleukin 1 repeat protein, the homolog of dSarm in Caenorhabditis elegans, has been shown to function downstream of voltage-gated calcium channel and calmodulin-dependent protein kinase II, thereby representing a mechanistic link between the dramatic increase in Ca 2+ -mediated signaling in severed axons and the initiation of axon degeneration [11] [12] [13] . Moreover, the Highwire E3 ubiquitin ligase has been shown to promote axon degeneration in OSNs by fine tuning the expression level of the NAD + biosynthetic enzyme, nicotinamide mononucleotide adenylyl transferase, a crucial component for protecting the degeneration of severed axons through a gain-of-function mechanism [14] [15] [16] [17] . In contrast, axon pruning is initiated in MB neurons during the early pupal stage, in which larval-specific dorsal and medial γ lobes are eliminated, and adult-specific γ lobes are formed during the mid-pupal stage 18 . The insect molting hormone, 20-hydroxyecdysone (ecdysone), and its heterodimeric receptors, consisting of ultraspiracle (USP) and ecdysone receptor (EcR), contribute to the regulation of axon pruning of MB γ neurons 19 . The transforming growth factor (TGF)-β receptor, Baboon (Babo), and its downstream target molecule, Smad on X (Smox), also influence axon pruning of MB γ neurons by regulating the expression of the EcR isoform, EcR-B1 20 . However, it remains unclear whether miRNAs are also involved in these two types of axon degenerative processes.
In this study, we investigated the roles of miR-34 in axotomy-induced axon degeneration in OSNs and γ axon pruning in MB neurons. We found that ectopically overexpressed miR-34 impaired γ axon pruning in differentiated MB neurons, but did not inhibit axon degeneration in OSNs following axotomy. Notably, ectopic miR-34 overexpression downregulated the expression of EcR-B1 in MB γ neurons, and restoration of the EcR-B1 expression through over-expressing Babo and EcR-B1 rescued the miR-34-induced axon pruning defect in the MB neurons. Our findings regarding how miRNAs regulate developmentally related large-scale axon degeneration in Drosophila provide new insight into the regulatory mechanisms involved in nervous system development.
Results
Ectopic overexpression of miR-34 impairs the mushroom body (MB) γ lobe pruning. Because the adult-onset elevation of miR-34 expression plays an essential role in inhibiting chronic neural deterioration in the aged brain 7 , we investigated whether miR-34 also functions in the inhibition of axotomy-induced axon degeneration in OSNs or developmentally related γ axon pruning in MB neurons. We removed the antennae and maxillary palps of flies, thereby separating OSN axons from their soma, to establish a system for examining whether miR-34 influences axon degeneration following axotomy, as previously described 10 . We found that, in wild-type OSNs and those in which miR-34 was ectopically overexpressed, degeneration was induced 3 days following axotomy (Supplemental Figure 1) , suggesting that miR-34 does not protect against axotomy-induced axon degeneration in OSNs. On the other hand, using the pan MB neuronal driver, GAL4-OK107 that expresses GAL4 in MB α /β , α ′ /β ′ and γ neurons 21 , the ectopic overexpression of miR-34 caused defects in the γ lobe formation in which excessive axonal branches often projected adjacent to the MB α and β lobes (Fig. 1a ,b, Supplemental Table 1 ). This defect in the MB lobe formation was similar to that in a previous report of defective γ axon pruning in MB neurons expressing LOF usp mutants 19 ( Fig. 1c , Supplemental Table 1 ). These results collectively suggested that miR-34 overexpression may disrupt axon pruning in MB γ neurons.
To investigate whether the underlying mechanism of the miR-34-mediated perturbation of MB lobe formation was similar to that involved in axon pruning in MB γ neurons, we compared the morphogenesis of γ lobes in wild-type MB neurons with that of MB neurons in which miR-34 was ectopically overexpressed at various time points from 6 to 48 h after puparium formation (APF; Fig. 2 , Supplemental Table 1 ). Axon pruning was initiated in wild-type MB neurons at 6 h APF, and the disappearance of larval-specific γ lobes was observed at 18 h APF (Fig. 2a,b) . By contrast, a substantial fraction of larval-specific γ lobes was preserved at 24 h APF in MB neurons in which miR-34 ectopic overexpression was driven by GAL4-OK107 (Fig. 2d-f) . The aberrant larval-specific γ lobes persisted at 36 and 48 h APF in flies with ectopically overexpressed miR-34, but not in wild-type flies (Fig. 2g,h,j,k) . The formation of aberrant larval-specific γ lobes was also observed in MB neurons in which miR-34 was ectopically overexpressed using GAL4-201Y (Fig. 2i ,l, Supplemental Table 1 ), which expresses GAL4 in differentiated MB γ neurons and a small subset of core MB α /β neurons 18 . We were, however, unable to examine the effect of GAL4-201Y-driven miR-34 expression on MB γ lobe pruning beyond the mid-pupal stage due to toxicity related to the ectopic overexpression of miR-34 (data not shown). These results collectively suggested that the overexpression of miR-34 impaired axon pruning in MB γ neurons.
Ectopic miR-34 overexpression in differentiated MB γ neurons causes aberrant axon pruning.
Because the GAL4-OK107 expresses GAL4 in MB progenitor cells, including neuroblasts and ganglion mother cells, as well as the MB γ , α ′ /β ′ and α /β neuronal types 21, 22 , we speculated that the effect of ectopically overexpressed miR-34 on γ lobe pruning in MB neurons might be caused by a miR-34-induced change in the developmental fate of the MB progenitor cells that resulted in the elimination of axon pruning, rather than the direct inhibition of axon pruning in differentiated MB γ neurons. To investigate this possibility, we used Asense-GAL4, which expresses GAL4 in neural progenitors and young neurons but not in differentiated neurons 23 , to drive the expression of miR-34. No defect in γ lobe pruning was observed in MB neurons derived from Asense-GAL4
+ progenitor cells and young neurons in which miR-34 was overexpressed (Supplemental Figure 2 , Supplemental Table 1 ). We also used Asense-GAL80 in separate experiments to suppress GAL4-OK107 driven miR-34 overexpression in neural progenitors and young neurons, but not in differentiated MB neurons 24 , and this manipulation cannot inhibit the miR-34-induced γ lobe pruning defect (Supplemental Figure 3 , Scientific RepoRts | 6:39141 | DOI: 10.1038/srep39141
Supplemental Table 1 ). These results suggested that the miR-34-induced impairment of γ axon pruning in MB neurons was caused by miR-34 overexpression in differentiated MB neurons, and was not the result of altered developmental fate due to miR-34 overexpression in progenitor cells and young neurons.
Because the defective MB γ lobe pruning phenotype was induced by miR-34 overexpression in nearly all differentiated MB neurons, we speculated whether a cell-autonomous mechanism was involved in the defective axon pruning phenotype. To investigate this possibility, we employed the mosaic analysis with a repressible cell marker (MARCM) system to evaluate the effect of ectopic miR-34 overexpression using GAL4-201Y, which expresses GAL4 in fully differentiated MB γ neurons and a small subset of core MB α /β neurons 18, 25 ( Fig. 3a -c, Supplemental Table 1 ). Using this strategy in differentiated MB γ neurons, we observed that the effect of ectopically overexpressed miR-34 on the defective γ lobe pruning phenotype was dose-dependent, in which one copy of miR-34 exhibited a moderate, less-penetrant phenotype (80%, n = 5; Fig. 3b , Supplemental Table 1 ) and two copies of miR-34 overexpression exhibited a severe, fully-penetrant phenotype (100%, n = 13; Fig. 3c , Supplemental Table 1 ). These results combined with those of the analysis of stage-specific miR-34 overexpression suggested that the induction of the miR-34-mediated perturbation of γ axon pruning occurred after the differentiation of MB γ neurons.
Ectopic miR-34 overexpression downregulates the endogenous EcR-B1 expression in MB neurons exhibiting defective γ lobe pruning. Previous studies reported that MB γ axon pruning defects in babo and smox mutants occurred through the downregulation of EcR-B1 expression 19, 20 . Therefore, we investigated whether ectopically expressed miR-34 also reduces the expression of EcR-B1 in MB neurons that in turn elicits the defective γ lobe pruning phenotype. To test this hypothesis, we applied the MARCM system to ectopically express miR-34 using GAL4-OK107 and GAL4-201Y in MB neurons in separate experiments. We found that EcR-B1 expression in MARCM clones was substantially lower than that in the wild-type MARCM clones, and no obvious difference in EcR-B1 expression between the wild-type control MARCM clones and non-MARCM neurons was observed (n = 4 for all experiments; Fig. 4a-d) . Notably, we also found that overexpression of EcR-B1 or Babo-a, but not the β -galactosidase control, rescued miR-34-induced defective γ lobe pruning in MB neurons, which suggested that miR-34 may regulate EcR-B1 expression via the Babo/EcR signaling pathway (Figs 5 and 6, Supplemental Table 1 ; data not shown, n = 20 for the β -galactosidase control). In additional experiments, the -c,g-i) and flies that were for ectopic miR-34 overexpression (one copy of miR-34 in (d-f,j,k); two copies of miR-34 in l) driven by GAL4-OK107 (a-h,j,k) or GAL4-201Y (i and l). FasII staining (magenta) and mCD8::GFP (GFP) expression (green) of MB neurons reveal the morphology of the larval-specific γ lobes (arrowheads) and α and β lobes (arrows) at various time points after puparium formation (APF). In MB neurons of wild-type flies (a-c and g-i) , the process of pruning larvalspecific γ lobes (arrowheads) appeared to be initiated in the γ lobes themselves, where the lack of FasII staining was observed from 6 h APF (asterisks, a) to the near completion of axon pruning at 18 h APF (arrowheads). The developing α and β lobes were observed from 24 h APF onward (arrows, c,g-i) . By contrast, in the MB neurons with ectopic miR-34 overexpression, a significant fraction of larval-specific γ lobes was remained at 18-24 h APF (double-arrowheads, e,f,i), and aberrant axonal braches (most likely γ lobe-derived) were located adjacent to the developing α and β lobes at 36-48 h APF (double-arrowheads, j,k). Fly genotypes are listed in Supplemental Table 2 . Scale bar: 10 μ m for all panels.
Scientific RepoRts | 6:39141 | DOI: 10.1038/srep39141 overexpression of EcR-B1 or the Babo isoform, Babo-a, alone had no observable effect on the γ lobe phenotype (Figs 5a and 6a) . These results collectively suggested that ectopic overexpression of miR-34 results in defective axon pruning in MB γ neurons through the downregulation of EcR-B1 expression.
RNAi knockdown of Eip74EF, Hr4, and yem does not affect miR-34-induced defective γ lobe pruning in MB neurons. Although the results of our experiments suggested that miR-34 influenced γ axon pruning via the downregulation of EcR-B1 expression, it remained unclear whether other miR-34-regulated genes play essential roles in controlling axon pruning in MB γ neurons. Using a web-based genome-wide prediction algorithm (http://www.microrna.org/), we identified Eip74EF, hormone receptor 4 (Hr4), and yemanuclein (yem) as mRNAs possessing 3′ untranslated regions (UTRs) with miR-34 target sites (Supplemental Figure 4a ). Among these, Eip74EF has previously been shown to be an miR-34 target that functions in the regulation of neurodegeneration 7 , and all three genes are annotated as having transcription factor and DNA binding activities. We confirmed that the 3′ UTRs of Eip74EF, Hr4, and yem contain functional miR-34 target sites using a previously described luciferase reporter gene assay 26 (Supplemental Figure 4b) . However, RNA interference (RNAi) experiments in which the expression of each transcript was knocked down separately, defective γ lobe pruning in MB neurons was not observed (Supplemental Figure 4c-f) . These results indicate that neither Eip74EF, Hr4, nor yem alone is crucial for γ axon pruning in MB γ neurons. Thus, it remains unclear whether the expression of proteins involved in γ lobe pruning, other than EcR-B1, are also influenced by the level of miR-34 expression.
Discussion
Throughout development and during adulthood, the dendrites and axons of neurons in the CNS exhibit a range of processes in which these projections may undergo elaboration, growth, or elimination in order to establish connections with other neurons along defined neural paths. Understanding how these reorganizational processes are regulated in neurons may provide insight into the mechanisms by which these neural connections are lost in neurodegenerative diseases. In Drosophila, axon pruning in MB γ neurons is a developmentally related type of large-scale axon degeneration in which MB γ neurons remodel larval-specific dorsal and medial axon branches and produce adult-specific medial axon branches 18 . We investigated the role of Drosophila miR-34 in γ axon pruning in MB neurons to identify pathways that contribute to axon remodeling in developing MB neurons. Using an experimental approach in which miR-34 was ectopically expressed, we found that miR-34, which is known to protect against chronic neurodegeneration in the aged Drosophila brain, can inhibit developmentally related axon pruning in MB γ neurons (Fig. 2b) , but cannot inhibit axotomy-induced axon degeneration in OSN axons (Supplemental Figure 1) . Our investigation showed that miR-34 mediates defects in γ lobe pruning in differentiated MB neurons via the downregulation of EcR-B1 expression in MB γ neurons ( Figs 3, 4 and 5) , and that the overexpression of Babo-a rescued the miR-34-induced γ lobe pruning defect in MB neurons (Fig. 6) . However, we cannot confirm whether babo is a direct target of miR-34 since we observed no obvious change in Babo expression in wild-type, miR-34 overexpression and mir-34 mutant flies based on western blot analysis using an anti-Babo antibody (ab14682; Abcam; Lai, et al., unpublished observation). Previous studies have shown that the expression of EcR-B1 in MB γ neurons is enhanced upon the binding of the glial-cell-derived TGF-β homolog, Myoglianin (Myo), to Babo, and the Babo signaling can be also facilitated by the presence of an immunoglobulin superfamily protein, Plum 20, 27, 28 . Our finding that the overexpression of Babo-a reversed the effect of ectopically overexpressed miR-34 on the γ lobe pruning defect suggests that miR-34 may be possible to regulate the expression of Myo and Plum that lie upstream of Babo-a 20, 27, 28 . It is also possible that miR-34 regulated the expression of EcR-B1 through pathways that function parallel to Babo-a, such as TGF-β -independent Fushi tarazu transcription factor 1 (Ftz-f1) and Hormone receptor-like in 39 (Hr39) mediated signaling pathways, which have also been shown to contribute to axon pruning in MB γ neurons 29 . Future studies are warranted to examine the effects of miR-34 on the regulatory influence of Myo, Plum, Ftz-f1 and Hr39 on EcR-B1 expression.
We also used a computational strategy to perform a genome-wide search of genes possessing 3' UTRs with miRNA target sites, in which the Eip74EF, Hr4, and yem transcripts were identified as potential miR-34 targets (Supplemental Figure 4a,b) . However, the individual RNAi-based knockdown of these transcripts had no obvious γ lobe pruning defect in MB neurons (Supplemental Figure 4c-f) . It is possible that γ axon pruning in MB neurons might be mediated by a combination of Eip74EF, Hr4, yem, and/or other yet-to-be-identified miR-34 target genes. Future investigations are warranted to identify and characterize other miR-34 target genes that might contribute to the regulation of EcR-B1 expression in axon pruning in MB γ neurons to obtain further insight into the regulation of developmentally related large-scale axon degeneration. cccttaaatattccctcttggc), Eip74EF (gattgcttgacaataggaattt and tatttaccgtcgatttagctgg), and yem (gttaaactcgggatacttgttc and agttttcattatatgcggatcg) were designed using a previously described method 30 . The production of transgenic flies carrying the UAS-mir-34, UAS-Eip74EF RNAi and UAS-yem RNAi transgenes was performed by BestGene (Chino Hills, CA, USA).
Methods

Production of UAS-mir-34, UAS-Eip74EF
Fly strains. The following fly strains used in this study: (1) UAS-mCD8::GFP on the second chromosome 25 ; (2) Or88a-GAL4 31 ; (3) GAL4-OK107 21 ; (4) UAS-mir-34 [1] ; (5) UAS-mir-34 [2] ; (6) Generation of the samples with OSN axotomy and the MARCM clones. In the OSN axotomy experiments, the antennae and maxillary palps were removed from flies in order to separate OSN axons from their soma 10 . The axon-severed flies were kept at 25 °C for one, three and five days before the brain dissection. Mosaic clones for the MARCM studies were generated, as previously described 25 . In short, the MARCM samples were obtained by collecting embryos in vials, and inducing mosaic clones by heat-shocking newly hatching larvae for 10 to 20 min. The MARCM flies were kept at 25 °C until reaching the developmental stage desired for brain dissection.
Fly brain preparation and image processing. Dissection, immunostaining, and mounting of fly brains were performed as described previously 25 . For primary antibodies, rabbit anti-GFP (1:800) was purchased from Life Technologies (Grand Island, NY, USA), whereas mouse anti-Fasciculin II (1D4, 1:50) and mouse anti-EcR-B1 (AD4.4, 1:50) were purchased from Developmental studies Hybridoma Bank (Iowa City, IA, USA). Secondary antibodies conjugated to Alexa 488, 546, or 647 (1:800) were purchased from Life Technologies. Immunofluorescent images were recorded by using a Zeiss LSM 700 or 780 confocal microscope (Oberkochen, Germany), and were processed using the Zeiss LSM image browser for projecting images from confocal stacks and Photoshop computer software (Adobe, San Jose, CA, USA) for adjusting image intensity only. . FasII staining reveals the medial γ lobes (arrowheads, faint magenta staining) and dorsal α and medial β lobes (arrows, strong magenta staining). In the lower panels, GAL4-OK107-driven mCD8::GFP (GFP) expression (green) shows the morphology of α lobes (arrows), α ′ lobes (double arrows), and γ lobes (arrowheads). Overexpression of EcR-B1 in MB neurons had no observable effect on the MB lobe pruning phenotype (a). Ectopic miR-34 overexpression in MB neurons caused defective γ lobe pruning (double-arrowheads, b). The defective γ lobe pruning phenotype was rescued by overexpression of EcR-B1 in MB neurons with ectopic miR-34 overexpression (c). Fly genotypes are listed in Supplemental Table 2 . Scale bar: 10 μ m for all panels.
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Luciferase reporter gene Assay. The luciferase reporter gene assay was conducted using the Dual-Glo Luciferase Assay System (Promega, Madison, WI, USA) according to an optimized version of the manufacturer's protocol. The 3′ UTR regions of Eip74EF, Hr4, and yem were inserted following the luciferase coding region. miR-1 was transfected as a negative control for the miR-34 experiments. . FasII staining reveals the medial γ lobes (arrowheads, faint magenta staining) and dorsal α and medial β lobes (arrows, strong magenta staining). In the lower panels, GAL4-OK107-driven mCD8::GFP (green) shows the morphology of α lobes (arrows), α ′ lobes (double arrows), and γ lobes (arrowheads). Overexpression of Babo-a in MB neurons had no observable effect on the MB lobe pruning phenotype (a). Ectopic miR-34 overexpression in MB neurons caused defective γ lobe pruning (double-arrowheads, b). The defective γ lobe pruning phenotype was rescued by overexpression of Babo-a in MB neurons with ectopic miR-34 overexpression (c). Fly genotypes are listed in Supplemental Table 2 . Scale bar: 10 μ m for all panels.
